ultimately receiving RT. Neurocognitive outcomes were evaluated through retrospective chart review. Intellectual and academic performance were significantly different from normative expectations (full scale IQ = 86.5 ± 16.8; reading comprehension = 91.3 ± 16.4; math reasoning = 88.2 ± 18.9; reference group = 100 ± 15). Further, the percentage performing below average exceeded the expected 16 % in the normative sample (full scale IQ = 43 %; reading comprehension = 37 %; math reasoning = 50 %). Mean parent ratings did not reflect concerns regarding internalizing and externalizing behaviors or executive functioning (internalizing = 54.9 ± 12.7; externalizing = 51.6 ± 14.6, global executive composite = 57.1 ± 16.0; reference group = 50 ± 10); however, the proportion with clinically elevated scores was higher than the expected 16 % (internalizing = 42 %; externalizing = 26 %; global executive composite = 38 %). Mean performance fell below average for visual-motor coordination (81.8 ± 13.2) and parent ratings of adaptive functioning (73.4 ± 24.2), with 65 and 62 % falling outside the average range, respectively. There were no significant differences between those receiving and not receiving RT. Multiple cognitive domains were significantly different from normative expectations. D espite focal disease and treatment targeting subcortical brain regions, neurocognitive risks exist that may impact treatment planning and caregiver education.
Introduction
Gliomas are the most common brain tumor in children with brainstem gliomas accounting for about 10-20 % of all pediatric central nervous system (CNS) tumors [1] [2] [3] . Children Abstract Pediatric focal low-grade brainstem tumors are associated with excellent prognosis. Surgical resection and conformal radiation therapy are front-line treatment options; radiation therapy (RT) serves as an excellent treatment for disease progression. Given high survival rates and limited research regarding functional outcomes, the current study examined neurocognitive outcomes in a group of low-grade brainstem glioma survivors. Forty-three survivors of focal low-grade brainstem gliomas underwent neurocognitive assessment (58 % male; median = 6.9 years at diagnosis; median = 14.9 years at latest assessment). Treatment included combinations of surgery, chemotherapy, and RT with 70 % of the 52 (83 %) identified patients participated in at least one cognitive assessment. For patients that participated in multiple assessments, we used the most recent assessment for primary analysis. Patients were either assessed at specified time points as part of a treatment protocol (n = 20) or were referred for a clinical evaluation by a medical team member (n = 23). Assessments that were part of a treatment protocol were administered at specified time intervals during and following the course of treatment. Clinically referred assessments were based on the concerns of the medical team at any given time during and following treatment. D ue to the wide range of assessment measures and the time span of our review, we combined measures assessing the same cognitive construct to form the following domains: intellectual functioning, academic achievement, adaptive functioning, visual-motor integration, social-emotional functioning, attention, and executive functioning. All reported measures have large, representative normative standardization samples with demonstrated reliability and validity.
Intellectual functioning, either estimated (EIQ) or full scale intelligence quotient (FSIQ) scores, were obtained primarily from age-appropriate Wechsler measures and also included the Stanford-Binet-V, McCarthy Scales of Children's Abilities, and Reynolds Intellectual Assessment Scales [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . While EIQ is highly correlated with FSIQ [28] , EIQ does not include tasks that specifically target working memory and processing speed as are included in the more comprehensive FSIQ. Assessment of academic achievement included reading comprehension and math reasoning subtests from Wechsler, Woodcock Johnson, and Wide Range Achievement measures [29] [30] [31] [32] [33] [34] [35] . Adaptive functioning was assessed by parent ratings on either the Vineland Adaptive Behavior Scales or the Adaptive Behavior Assessment System [36, 37] . Visual-motor integration was assessed by patient performance on a test of visualmotor coordination, the Beery-Buktenica D evelopmental Test of Visual-Motor Integration [38] . These measures provide standard scores with a mean of 100 and standard deviation of 15.
Social-emotional functioning was assessed by parent report of internalizing (e.g., anxiety or depression) and externalizing behaviors (e.g., conduct problems or oppositionality); either the Child Behavior Checklist or Behavior Assessment System for Children was given [39, 40] . A computerized measure, Conners' Continuous Performance Test, was used to assess sustained attention [41, 42] . Parents provided ratings of executive functioning on the Behavior Rating Inventory of Executive Function in the areas of behavioral regulation, metacognition and global executive function [43] . These measures provide T-scores with a mean of 50 and standard deviation of 10.
Overall survival and event-free survival were estimated using the method of Kaplan and Meier [44] . Examination are typically less than 10 years of age at diagnosis and the incidence is similar across genders. Brainstem gliomas are most often (80 %) diffuse intrinsic pontine gliomas (DIPG) characterized by short symptom duration prior to diagnosis, cranial nerve involvement, and low survival rates [1] . The remaining 20 % are more focal in nature, lower grade, and have excellent prognosis. The 5-and 10-year overall survival rates at our institution have recently been reported as 98 and 90 %, respectively [3] . While focal low-grade brainstem gliomas are a heterogeneous group of tumors, they all arise in the brainstem, are most often less than 2 cm in diameter, and are typically classified according to location, size and imaging characteristics. Surgical resection and conformal radiation therapy are front-line treatment options, and radiation therapy (RT) serves as an excellent treatment for disease progression after surgery [3] .
It is well established that children who are treated with RT and/or chemotherapy, as well as surgery alone, are at significant risk for cognitive late effects including deficits in intellectual functioning and academic achievement [4] [5] [6] [7] . Conformal and intensity modulated radiation therapy, which limit the dose of radiation to the affected brain tissue, have the ability to minimize cognitive risks and better preserve cognitive outcomes [8, 9] . Most late effects research has focused on higher-grade tumors, such as medulloblastoma, in part due to the higher rate of toxicities [10] . The more limited literature that examines the overarching population of low-grade gliomas has shown an increased risk across several cognitive domains including intellectual functioning, academic achievement, and adaptive behaviors [10] [11] [12] [13] [14] . Cognitive late effects may impact survivors well into adulthood and are associated with lower educational attainment, underemployment, more emotional adjustment problems, and a decreased rate of marriage [1, 15] . Prior literature reviews suggest that survivors of low-grade gliomas are an understudied population that deserves attention and prospective monitoring of cognitive outcomes [10] . Our group previously examined the clinical characteristics, treatment management, and survival rates of patients diagnosed with focal low-grade brainstem gliomas [3] . Given the high survival rates and limited research regarding functional outcomes for this population, we expanded upon this study in order to examine neurocognitive outcomes. We predicted that cognitive functioning would be largely intact given tumor mass effect and the margin of RT mostly excludes areas typically considered responsible for higher cortical functions.
Methods
We reviewed medical and psychological records of 52 patients diagnosed with focal low-grade brainstem gliomas between May 1986 and May 2010. At the time of review, 43 FSIQ (p = .0002), reading comprehension (p = .0066), math reasoning (p = .0019), adaptive functioning (p = .0019), and visual-motor integration (p < .0001) were significantly different than respective normative means. Given adaptive functioning measures are more often given to patients with lower intellectual functioning, to establish a diagnosis of Intellectual D isability [45] , EIQ was compared post hoc between those who did and did not receive adaptive functioning questionnaires (88.4 ± 23.9 vs. 99.0 ± 21.0; p = .11) to evaluate potential administration bias. EIQ, social-emotional functioning, attention, and executive functioning domains were not significantly different than respective normative means at p < .01. When we examined all domains further, we found that larger proportions of the sample had scores outside the average range (20-65 %) compared to what is expected in the normative population (16 %).
of QQ plots and tests for normality using the Shapiro-Wilk and Kolmogorov-Smirnov statistics were performed. T tests were used to compare demographic variables for those that received a clinical referral for cognitive assessment and those that completed a standard assessment according to a treatment protocol. Descriptive statistics for cognitive measures were calculated and one sample t tests were performed in order to compare our sample means to normative means. Chi square goodness of fit tests were used to compare our sample to what is expected in the normative population, where 16 % would be expected to fall one standard deviation outside the average range. Wilcoxon rank sum tests were used to compare neurocognitive outcomes between patients referred for clinical assessments and those that completed standard protocol assessments. We compared cognitive measures of those receiving and not receiving RT using Wilcoxon rank sum tests. Profile plots were used to explore assessments of cognitive outcomes for each patient over time. The effects of RT group and age at diagnosis on the change in neurocognitive outcomes was examined for the measures with adequate sample size using random coefficients models.
The study was approved by the institutional review board at St. Jude Children's Research Hospital.
Results
Ten year estimates of overall survival and event-free survival were 92 % (standard error, 5 %) and 54 % (standard error, 10 %), respectively. Table 1 shows clinical and treatment characteristics. Among the 43 patients with cognitive assessments, 58 % were male and 79 % were Caucasian. The median age at diagnosis was 6.9 years (range 0.7-17.3 years), median age at most recent assessment was 14.9 years (range 6.6-23.3 years), and median number of years from diagnosis at the most recent assessment was 6.1 (range 0.01-12.9). The median number of cognitive evaluations per patient was 5 (range 1-14). The most common tumor type was pilocytic astrocytoma (67 %). Treatment consisted of surgical resection, RT, chemotherapy, or a combination of these modalities. Upfront treatment was most often surgery only (42 %), followed by RT (28 %), with a total of 70 % of patients ultimately receiving RT during the course of treatment. The median dose of RT was 54 Gy (range 52.2-70.2 Gy) and duration of RT ranged from 20 to 46 days. Additional clinical characteristics of this sample are published [3] . There were no significant differences with respect to gender (p = .54), age at diagnosis (p = .73), age at last assessment (p = .37) or EIQ (p = .17) between those who completed assessments due to clinical referral or protocol based evaluation. Table 2 shows descriptive statistics for all cognitive measures at the most recent assessment. The mean scores for 
Discussion
As a group, measures of FSIQ, academic achievement, adaptive functioning, and visual-motor coordination were significantly lower than normative means. Additionally, there was an excess of below average scores when compared to the normative population. The percentage of survivors falling one standard deviation outside the average range (indicative of worse performance) was significantly higher across most cognitive domains than the percentage we expect to find in a sample of healthy peers. Furthermore, patients who received assessments completed as a clinical referral did not significantly differ on any of the cognitive outcomes when compared to those who received a standard protocol evaluation, suggesting a representative sample. Adaptive functioning indices fell below the average range; however, parent report of adaptive functioning for When comparisons were made between the patients that received clinically referred assessments and those that completed standard protocol assessments, there were no significant differences across cognitive domains (p = .14-.99). There was no significant difference across cognitive domains between those receiving RT (n = 28) and not receiving RT (n = 15), (p = .07-.73). When examining the data there was no evidence of a significant effect of age at diagnosis on cognitive outcomes with adequate data for model inclusion (EIQ, FSIQ, reading comprehension, math reasoning, internalizing and externalizing behaviors; p < .019). There was also no evidence of a significant change in IQ over time (ESIQ p = .29; FSIQ p = .44) and no evidence of an effect of receiving RT on ESIQ or FSIQ (p = .32; p = .43, respectively). We calculated estimated IQ scores for the assessments in which the full scale IQ was obtained and the appropriate subtests were given for estimated IQ scores. In addition, some assessments contained only estimated IQ scores b p values were obtained by t tests comparing sample means with a normative mean of 100 and SD of 15 for standard scores and a mean of 50 and SD of 10 for T-scores c p values were obtained using Chi square goodness of fit tests, where in a normative population 16 % would be expected to have scores <85 (standard scores) or >60 (T-scores) Table 2 Cognitive outcomes at the most recent assessment our ability to make dose-specific RT comparisons. Furthermore, we were unable to tease apart the effect of the tumor in comparison to effect of treatment due to the retrospective nature of this study. Additional limitations inherent to retrospective studies include the length of the time covered by the review, in order to capture enough patients and evaluate change over time, and the variety of measures utilized across evaluations. Current findings are in line with expectations based on the existing literature. It is well established that survivors of childhood brain tumors are at significant risk for cognitive late effects. Research has focused on examining more malignant/higher grade brain tumors, such as childhood medulloblastoma, primarily due to lower grade tumors typically having a benign course, less toxic treatments, and better recovery. This study adds to the existing literature by revealing that cognitive risk may not be as prominent or intensive as higher grade tumors but does, in fact, exist.
These risks are present despite focal disease and treatment focused on subcortical brain structures. These findings are consistent with well-established treatment-related white matter injury that can disrupt efficient subcortical-cortical transmission [46] . Damage to specific neural pathways connected to higher cortical regions has shown an impact on specific cognitive late effects in brain tumor survivors [47] . Further, pediatric patients treated with surgery only for lowgrade tumors, including brainstem tumors, are at risk for neurocognitive late effects presumably due to disruptions this sample may not be representative due to a potential measurement selection bias. Clinically, the measures used to assess adaptive functioning are more often given to patients with lower intellectual functioning, as impairment in adaptive functioning is a requirement for establishing a diagnosis of Intellectual Disability [45] . Accordingly, there was a trend for average EIQ to be higher for those who did not receive adaptive functioning questionnaires. Although the difference was not statistically significant, it could represent a domain assessed only when its deficit is anticipated and not an area that is below average across the entire sample. Group scores for visual-motor coordination also fell below average; however, this is to be expected in a sample that may have cranial nerve and motor impairment. This is consistent with a higher group mean for EIQ than FSIQ given the latter is more dependent on speeded psychomotor functioning.
An aim of this study was to compare cognitive outcomes among patients who did and did not receive RT. At the time of the most recent assessment, 28 patients had received RT. There was no significant difference between those receiving and not receiving RT across cognitive domains at the most recent assessment. We found no significant effects of RT or changes across time on measures of intellectual functioning. However, it must be considered that these analyses were conducted with a small sample and we were further limited by the specific measures given per patient resulting in some cognitive domains with limited data when compared to others. Also, our small sample size limited to neuroconnectivity including cerebellar-cortical pathways [12] . Thus, cognitive deficits identified in this study can result from direct tumor and surgical effects such as visual-motor and processing speed deficits secondary to encroachment of the pyramidal tracts, indirect tumor and surgical effects such as attention and executive dysfunction due to disruption of subcortical-cortical transmission, or late effects of adjuvant therapy such as deficits in attention, executive function and processing speed due to white matter changes associated with adjuvant therapies. Core deficits in attention and executive functions can subsequently affect rate of learning such that declines are found over time in global indices such as intellectual, academic and adaptive functioning. The clinical implications of these findings are concerning when considering the overall quality of life of these survivors, specifically with performance in academic and employment settings. The social burden of life-long accrued disabilities and under-employment may be substantial and something to be addressed in order to improve patient care.
Low-grade gliomas arising in the brainstem are a heterogeneous group of tumors that are understudied. Current findings suggest that this population is at risk and importance should be placed on neurocognitive monitoring. As survival rates increase, the need for identifying ways to increase quality of life becomes of paramount importance. Future directions include prospective, longitudinal trials (with neurocognitive monitoring beginning at diagnosis) in order to identify risk factors and specific areas of cognitive decline, as well as assessment of more distal functional outcomes such as quality of life and achievement of milestones including college graduation, employment, and independent living. It can be concluded that although this group has focal disease and received targeted treatments in subcortical brain regions, neurocognitive risks still exist. Considering the high survival rates, these findings may play a role in treatment planning, education of caregivers regarding treatment alternatives, and cognitive interventions.
